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SENSING SCHEME FOR A NON-VOLATILE 
SEMICONDUCTOR MEMORY CELL 

TECHNICAL FIELD 

The present invention relates to non-volatile semiconduc 
tor memory devices such as ?ash memory devices. More 
particularly it relates to a sensing arrangement for sensing 
the state of an individual non-volatile memory cell and to a 
method of sensing a state of a non-volatile semiconductor 
memory cell. 

BACKGROUND 

Flash memories have become more and more popular 
recently, especially in the area of portable communication 
devices. The basic structure of a ?ash memory is similar to 
that of a MOSFET, including a gate, a drain and a source. 
Usually a ?ash memory includes a ?oating gate and a control 
gate, as the gate of the MOSFET. In addition, there are some 
kinds of ?ash memories With no ?oating gate, such as a 
nitride read-only memory (NROM). Differing from other 
types of ?ash memory that use a conducting polysilicon or 
metal ?oating gate, a nitride read-only memory uses an 
oxide-nitride-oxide (ONO) layer as a charge-trapping 
medium. Due to a highly compacted nature of the silicon 
nitride layer, hot electrons tunneling from the MOS-transis 
tor into the silicon nitride are trapped to form an unequal 
concentration distribution. 

In general, the ?ash memory has the functions of reading, 
programming and erasing. When injecting electrons to the 
?oating gate of the memory cell or injecting electrons to the 
ONO layer of the memory cell, a threshold voltage, at a loW 
voltage initially, of the memory cell increases relatively and 
results in a current from the drain to the source decreasing. 
This is the programmed state of the memory cell. While 
connecting a negative voltage to the control gate, electrons 
trapped in the ?oating gate (or trapped in the ONO layer) are 
removed from the ?oating gate or the nitride layer to loWer 
the threshold voltage of the memory cell. This is the erased 
state. Regardless of the state the memory cell is in, it is 
necessary to operate a reading procedure during Which the 
bit information stored in the memory cell is read. 

For reading information stored in a memory cell, tWo 
mechanisms are common. In a ?rst mechanism a cell is read 

by applying predetermined, ?xed voltages to the gate and 
drain input. Its drain/source current is mapped to a memory 
state by comparing it With a reference current. If the current 
read is higher than the reference, the cell is determined to be 
in one logical state (for example a LOW-state). On the other 
hand, if the current is less than the reference current, the cell 
is determined to be in the other logical state (for example a 
HIGH-state). Thus, such a tWo-state cell stores one bit of 
digital information. 
A second mechanism for sensing the state of a memory 

cell is to bias the gate of the memory cell With a variable 
voltage instead of a constant voltage. Here the drain/ source 
current is sensed and compared With a constant current. The 
gate voltage at Which the constant reference current is 
reached by the measured current indicates the state of the 
memory cell. For programming and erasing memory cells 
similar operations are necessary, so called verify operations. 
Verify operations occur during programming or erasing 
memory cells, they are reading operations during Writing 
operations that assess a need of a further program or erase 
pulse in order to properly Write the data that is to be Written 
into the cell. 
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2 
In order to increase memory capacity, ?ash EEPROM 

(electrically erasable programmable read only memory) 
devices are being fabricated With higher and higher density 
as the state of semiconductor technology advances. Another 
method for increasing storage capacity is to have each 
memory cell store more than tWo states. 

For a multi-state or multi-level EEPROM memory cell, 
the conduction WindoW is partitioned into more than tWo 
regions by more than one breakpoint such that each cell is 
capable of storing more than one bit of data. Thus, the 
information that a given EEPROM array can store, increases 
With the number of states that each cell can store. EEPROM 
or ?ash EEPROM With multi-state or multi-level memory 
cells have been described in US. Pat. No. 5,172,338, Which 
is incorporated herein by reference. 

Another knoWn possibility for increasing the storage 
density is to store more than one bit on a conducting layer, 
not distinguishing different amounts of electric charge but to 
store electric charges in different areas of a gate layer. Such 
a memory cell is knoWn from the above-mentioned nitride 
read-only memory devices (NROM). From US. Patent 
Publication No. 2002/0118566, Which is incorporated herein 
by reference, it is knoWn hoW to read tWo-bit information in 
nitride read-only memory cells simultaneously. According to 
the drain-source current of NROM, a logical tWo-bit com 
bination message can be identi?ed. The observed current is 
divided into four different Zones and each Zone represents a 
speci?c logical tWo-bit information, Which is LOW and 
LOW, LOW and HIGH, HIGH and LOW or HIGH and 
HIGH. 

Storing tWo bits of information in different regions of the 
nitride layer has the advantage that the difference betWeen 
the individual states can be detected easier than in a multi 
level memory cell. HoWever, the state of the second bit 
in?uences the current ?oWing through the cell When detect 
ing the state of the ?rst bit and vice-versa. This is also 
referred to as the second bit effect. The described effect is 
relevant When reading data but also When verifying data 
during erase or program operations and therefore must be 
considered When evaluating a detected cell current. Though 
the second bit effect is small in comparison With the effect 
caused by the state of the bit to be read, it can become more 
important as the operational voltage of the memory cell 
becomes loWer. In order to save poWer and to alloW smaller 
die structures to be used for a semiconductor circuit, the 
operational voltages of memory modules are getting loWer 
and loWer. Whereas 5V and 3.3V Were previously used as 
supply voltages, neW devices use voltages of 1.6V for 
example. 

For reading these ?ash memory cells, it is essential to 
sense the conduction current across the source and drain 
electrodes of the cell. Especially for reading of more than 
tWo states of a memory cell it is important to have a 
reference current that exactly re?ects the condition of the 
memory cell. The more states a memory cell is made to 
store, the more ?nely divided its threshold WindoW must be. 
This Will require higher precision in programming and 
reading operations in order to be able to achieve the required 
resolution. 

The used reference currents are often generated by refer 
ence cells that are in a particular state. In most former 
single-bit or single-level memory architectures, the refer 
ence structure for providing appropriate reference currents 
has been constituted by an array of four or ?ve ?ash cells 
corresponding to a programmed state, an erased state, an 
over-erased or depletion state and a reading state. These 
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reference cells, once programmed to a prede?ned level, for 
example at Wafer sort, could not be touched anymore. 

For several applications, for example for archiving data, 
it is important that data can still be correctly read after a long 
time or large number of Writing cycles. In addition, tem 
perature variations are to be considered. These in?uences 
affect the currents read from a memory cell. Temperature 
variations also in?uence the reference currents. In typical 
single-level and single-bit devices the margins set to sepa 
rate the states of a memory cell de?ne big WindoWs for the 
different states. The WindoWs are big enough to secure that 
data is correctly read or Written under all conditions. In 
multi-level and multi-bit memories, the WindoWs have been 
signi?cantly reduced and it has become a problem to ensure 
a correct functionality under all environmental conditions 
and over the Whole life period. The respective need of more 
accurate references is illustrated in FIGS. 18, 19 and 20. 

The diagram of FIG. 18 relates to a tWo-state memory cell 
for storing one bit of data. It shoWs the voltages and currents 
in an NROM memory cell. The current ICELL through the 
memory cell depends on the gate-source-voltage. A loWer 
threshold 121 de?nes the beginning of an erased state. 
BeloW the erased state there is an over-erased state, also 
called a depletion state. In this state, Which is not alloWed in 
normal operation of the memory cell, a current ?oWs from 
the drain to the source even if no voltage is applied to the 
gate. The erased and the programmed states are separated by 
a reference voltage 122. The margin WindoWs for the erased 
and the programmed state are big enough to ?t for all 
conditions. 

FIG. 19 shoWs that in a multi-level cell the margin 
Windows for all states are reduced. For each of the different 
states a threshold voltage 121, 123, 124 and 125 is de?ned. 
This makes clear that the references 121, 123, 124 and 125 
must be more accurate than the references 121 and 122 in the 
diagram of FIG. 18. 
From FIG. 20 it can be seen that in multi-bit memory cells 

an additional problem arises. When reading the ?rst bit of 
the memory cell it must be considered that the characteristic 
depends on the second bit. Without consideration of the 
second bit effect a logical “l” is detected, When the gate 
source voltage is in the range referred to as 126. The range 
of a logical “0” is referred to as 129. A threshold voltage is 
referred to as 128. When the second bit effect is considered, 
a logical “l” is to be detected even if the gate-source voltage 
is higher than the range 126. The excess range is referred to 
as 127. Therefore the consideration of the second bit e?fect 
further reduces the margin WindoW for detecting the state of 
the memory cell. 

To summariZe, there are several effects that require that 
the reference current or voltage for detecting the logical state 
of a memory cell are more accurate. This is required not only 
When ?rst operating the memory device but also over its 
complete lifetime, When degrading e?fects change the behav 
ior of the memory cells. 

Apart from these speci?c problems there is a general need 
for high performance, high capacity and high reliability of 
non-volatile memory devices. In particular, there is a need to 
have compact non-volatile memory devices. These compact 
non-volatile memory devices should have a memory system 
that minimiZes disturbance effects. 

SUMMARY OF THE INVENTION 

In one aspect, the present invention provides a non 
volatile semiconductor memory device and a respective 
method for operating a memory device With a better sensing 
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4 
scheme. Embodiments of the present invention propose to 
compare each of a memory cell current and a comparative 
current generated from at least one reference cell current 
With a prede?ned reference current. It is detected by means 
of sense ampli?ers and an evaluation circuit, Which of the 
currents ?rst reaches the prede?ned reference current. The 
order of reaching the reference current is indicative of the 
state of the memory cell. 

In a preferred embodiment of the invention the compara 
tive current is generated as an average of an erased reference 
cell current and a programmed reference cell current. This 
assures that over the lifetime of the memory device the 
comparative current is alWays situated betWeen the currents 
of a programmed cell and an erased cell, i.e., in exactly the 
middle betWeen these currents. 

In a further improved embodiment of the invention, for 
each Wordline an additional status cell is provided. In this 
status cell, named “RoW Guard Reference,” an information 
is stored by a ?rst logical state indicating if one of the 
memory cells associated to the respective Wordline is pro 
grammed. OtherWise all memory cells associated to the 
Word line are erased Which is indicated by the other logical 
state. 

It is an advantage of the current invention that sense 
ampli?ers can be designed to conduct a comparison With a 
constant current. This enables a loW current consumption of 
the sense ampli?ers and less area consumption. 
When one of the currents, in particular the comparative 

current, has reached the prede?ned reference current, the 
further variation of the gate voltages can be stopped and, 
therefore, a further increase of the cell currents can be 
prevented. This reduces stress to the memory cells and to the 
sense ampli?ers. The lifetime of the memory device is 
prolonged and poWer consumption is reduced. 
The use of an erased reference cell and a programmed 

reference cell for generating a comparative current has the 
advantage that a different degrade of a programmed and an 
erased reference cell is subject to the memory cells and the 
reference cells. Therefore, the comparative current alWays 
?ts With the characteristics of memory cell currents also 
after of a movement of these characteristics caused by 
degrade. 

It is a further advantage of embodiments of the present 
invention that the proposed reference scheme can be applied 
to all types of volatile memory devices. 

These and other advantages of embodiments of the 
present invention Will become obvious to those of ordinary 
skill in the art after reading the folloWing detailed descrip 
tion of the preferred embodiments, Which is illustrated in the 
various ?gures and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present inven 
tion, and the advantages thereof, reference is noW made to 
the folloWing descriptions taken in conjunction With the 
accompanying draWing, in Which: 

FIG. 1 is a schematic diagram of a ?ash memory circuit 
according to the present invention; 

FIG. 2 is a graph illustrating the characteristics of a 
tWo-state memory cell; 

FIGS. 3A and 3B are timing diagrams of the circuit from 
FIG. 1 reading “1” or “0”, respectively; 

FIG. 4 is a graph illustrating the characteristics of a 
tWo-state memory cell; 

FIG. 5 is schematic of a comparative current generating 
circuit; 
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FIG. 6 shows a schematic drawing of an array reference 
cell and a memory cell; 

FIG. 7 is a detailed schematic of an evaluation circuit; 
FIG. 8 is a table With signal states of the circuit from FIG. 

7; 
FIG. 9 is a detailed schematic of an extended embodiment 

of an evaluation circuit; 
FIG. 10 shoWs output units for the schematic of FIG. 9; 
FIG. 11 is a table With signal states of the circuit from 

FIGS. 9 and 10; 
FIGS. 12 to 15 are timing diagrams for the circuits from 

FIGS. 7 and 9; 
FIG. 16 is a schematic diagram of an improved ?ash 

memory circuit according to the present invention; 
FIG. 17 is a schematic diagram of a further improved ?ash 

memory circuit according to the present invention; and 
FIGS. 18, 19 and 20 are diagrams shoWing the necessity 

of sharp reference. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

Embodiments of the present invention Will be described 
more speci?cally With reference to the draWings. In the 
?gures, identical or similar components are denoted by 
identical numerals and their description Will not be repeated. 

Non-volatile semiconductor memory devices that are 
electrically re-Writable and erasable are referred to as 
EEPROMs or NROMs as mentioned previously. 

FIG. 1 is a block diagram shoWing a con?guration of a 
?ash memory device 1 that uses NROM memory cells for 
storing data. A memory array 5 comprises a plurality of 
memory cells 4. The memory cells are arranged in columns 
and roWs and, therefore, constitute a matrix. Each of the 
memory cells can be selected by means of a column decoder 
8 and a roW decoder 9. Both decoders are connected to an 
address bus 10, Which is also connected to a control unit 11. 
The control unit 11 is connected to an I/O-interface 15 for 
receiving data from an external device and sending data to 
an external device. For example, for reading data stored in 
the memory device the control unit 11 accesses the memory 
array 5 by sending an address to the column decoder 8 and 
the roW decoder 9. The column decoder 8 extracts informa 
tion as to Which of the bitlines of the memory array 5 are to 
be selected. The roW decoder 9 selects a Wordline, corre 
sponding to the address transmitted from the control unit 11. 
Data are transmitted betWeen the control unit 11 and the 
memory array 5 over a data bus 21. For reading and Writing 
data, the control unit 11 also comprises Writing and reading 
circuits 18 to perform operations on the memory array 5. 

The control unit 11 of the circuit arrangement in FIG. 1 
additionally comprises a gate voltage generating circuit 20 
and a reference current generating circuit 19. The gate 
voltage generating circuit 20 is connected to the roW decoder 
9 and applies a de?ned gate voltage V_GS to the gates of 
selected memory cells 4. The reference current generating 
circuit 19 is connected to sense ampli?ers 12 and 13 and 
generates the reference current I_REF, Which is used by the 
sense ampli?ers 12 and 13. While data transmitted over the 
address bus 10 de?ne Which Wordline or Wordlines are 
selected, the gate voltage generating circuit 20 controls the 
exact voltage V_GS that is applied to the Wordlines. 

For reading a memory cell 4, it is necessary to compare 
a current ?oWing through that cell 4 With a comparative 
current that is derived from a current ?oWing through one or 
multiple reference cells 6 as explained beloW. According to 
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6 
the invention, the comparison is done indirectly by compar 
ing the respective currents With a prede?ned constant ref 
erence current. 

FIG. 2 is a graph for a typical memory or reference cell. 
Depending on the state of the memory cell, the cell current 
reaches a reference current (Which is 10 uA in this example) 
at a gate-source voltage V_GS of 1.1 V or 2.2 V. Assuming 
that the gate-source voltage V_GS is increased With time, 
the time When the reference current I_REF is reached 
indicates the state of the memory cell. 
The same comparison is done for a comparative current 

I_comp, Which is shoWn in FIG. 2 as a dashed line. It is an 
average of the cell currents of a programmed cell (state 2) 
and an erased cell (state 1). 

Since both currents are compared to the reference current 
I_REF, the comparison results deliver information about the 
state of the sensed memory cell. This is done by the sense 
ampli?ers 12 and 13. The sense ampli?er 12 is a memory 
cell sense ampli?er that is connected to the bitlines of the 
memory cell 5. The sense ampli?er 13 is a reference cell 
sense ampli?er that is connected to the bitlines of the 
reference cell 6. The memory cell sense ampli?er 12 is 
provided for measuring a current through the memory cells 
of the memory array 5 and comparing it With a reference 
current I_REF. The reference sense ampli?er 13 is provided 
for measuring a current through the reference cells 6. The 
memory cell sense ampli?er 12 outputs a signal s_cell 
indicating When the memory cell current I_cell reaches the 
reference current I_REF. The reference cell sense ampli?er 
13 outputs a signal s_comp indicating When the comparative 
current I_comp reaches the reference current I_REF. 
An evaluation circuit 14 is connected to the memory cell 

sense ampli?er 12 and to the reference cell sense ampli?er 
13. By comparing the signals received from the sense 
ampli?ers 12 and 13, a result signal s_out is generated that 
indicates the logical state of the selected memory cell. The 
evaluation circuit 14 is connected to the control unit 11. The 
connection is draWn in FIG. 1 as a separate line but the 
logical state of a memory cell as it is evaluated by the 
evaluation circuit 14 (e.g., the data Written to the memory 
cell) can also be transmitted using the data bus 21. 

This procedure for reading the logical state of a memory 
cell is carried out each time the stored data is requested, for 
example, by a host system, Which is connected to the 
I/O-interface 15, or if the state of a memory cell is to be 
veri?ed, and therefore, to be read after an erasing or a 
programming operation. 

In the context of this application Writing means to set the 
state of a memory cell to an erased or a programmed state. 
Programming means to set the state to a ?rst logical value 
and erasing means to set the state to a second logical value. 

FIGS. 3A and 3B are time diagrams shoWing hoW the 
evaluation circuit 14 Works. The voltage V_GS, Which is 
applied to the gates of memory cells and reference cells, 
increases With time. When the gate voltage V_GS reaches a 
?rst threshold value the current of an erased memory cell 
becomes higher than the reference current I_REF, Which is 
indicated by the signal s_cell in FIG. 3A. If this happens 
before the comparative current I_comp has reached the 
reference current I_REF and the signal s_comp ?ips to 
HIGH, the evaluation circuit 14 outputs a HIGH signal. 

If the memory cell is programmed as shoWn in FIG. 3B, 
the comparative current I_comp reaches the reference cur 
rent I_REF prior to the memory cell current. Therefore, after 
the signal s_comp sWitching to HIGH, the output of the 
evaluation circuit 14 keeps on a LOW level. The sensing can 
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be stopped and the gate voltage V_GS is not further 
increased, but discharged to reduce voltage stress to the 
memory cell. 

Hypothetically, if the gate voltage of the memory cell Was 
further increased as indicated by the dashed line of V_GS, 
the signal s_cell Would also sWitch to HIGH When the 
memory cell current becomes greater than the reference 
current I_REF. However, this Would give no additional 
information and for reasons of current consumption and to 
avoid high stress to the memory cell, the sensing is stopped 
at the time When the comparative current I_comp reaches the 
reference current I_REF. 
As mentioned above, it is necessary, especially for highly 

integrated memory devices, to provide a reference value that 
is very exact in order to enable a sharp and tight program/ 
erase differentiation. This is particularly important if more 
than tWo states are to be detected as is the case using tWo-bit 
NROM cells. The need of an accurate comparative current 
is illustrated in FIG. 4. In this graph four possible states of 
a memory cell are to be detected. In a real memory device 
the characteristics are not equal for all memory cells. There 
fore, the curve for each of the states is not a single line but 
a statistically distributed ?eld of lines. For example the 
highest V_GS value for state 1 is very close to the loWest 
V_GS value for state 2. As mentioned above, the charac 
teristics may change With time, Writing cycles and environ 
mental conditions. The behavior of a programmed cell is 
different from the behavior of an erased cell. Since supply 
voltages decreased in the last years and are still decreasing, 
the detection of the state of a memory cell became more 
dif?cult. As a consequence, reading errors became more 
likely. To overcome this problem in some cases the perfor 
mance of the memory device had to be sloWed doWn. 

According to a preferred embodiment of the invention, 
the comparative current I_comp is not generated by a single 
reference cell, Which is programmed to have a threshold 
voltage that is betWeen the threshold voltages of an erased 
memory cell and a programmed reference cell. To provide a 
better comparative current I_comp, tWo reference cells are 
used. One is set to a programmed status and the other is set 
to an erased status. The comparative current is a composition 
of the cell currents of both memory cells. While the pro 
grammed reference cell behaves like a programmed memory 
cell, the erased reference cell behaves like an erased memory 
cell. The comparative current is therefore alWays betWeen 
the characteristics of an erased and a programmed memory 
cell. The comparative current can be calculated by the 
equation: 

Ifcomp:(Iierased+I4pr0grammed)/x, 

I_comp being the comparative current, I_erased the cell 
current of an erased memory cell, I_programmed the cell 
current of a programmed memory cell and x an average 
coef?cient. Good values for x are betWeen 3.0 and 1.5. 

The x-coe?icient can be freely chosen according to prac 
tical considerations. As an example I_erased is 5 HA, I_pro 
grammed is 20 uA, x is 2.5. The comparative current is then 
calculated to 10 uA. 

The generation of an average comparative current can be 
done With an average generating circuit according to FIG. 5. 

The comparative current I_comp is generated as an aver 
age of currents through an erased reference cell 50 and a 
programmed reference cell 51. Both reference cells 50 and 
51 are read in common using the same bitline. The bitline 
current I_READ is, therefore, the sum of the current 
I_cell_1 through the erased reference cell 50 and the current 
I_cell_2 through the programmed reference cell 51. 
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8 
A current mirror 52 is provided With a reference transistor 

53, Which is con?gured as a diode. The reference transistor 
53 is connected to the bitline and, therefore, mirrors the 
bitline current to a second transistor 54 of the current mirror 
52. The current through the second transistor 54 is the 
comparative current I_comp. By the con?guration of the 
current mirror the ratio betWeen the comparative current 
I_comp and the bitline current I_read can be adjusted. To 
achieve a respective ration different geometric properties, 
i.e., a different length L and Width W of the channel, can be 
used for the transistors 53 and 54 of the current mirror. In the 
present example the ratio is 1/2. 
A control ampli?er 55 is provided for keeping the voltage 

at the drains of transistors 50 and 51 constant When reading 
as it Will be described With reference to the schematic from 
FIG. 6. 

FIG. 6 is a schematic of an exemplary circuit diagram that 
shoWs a memory cell 4 of the memory array 5 With an 
assigned sense ampli?er 12. Using a Wordline 61 the gate of 
the transistors 4 is biased. For selecting the memory cell 4 
that is formed by the shoWn transistor, the bitline 75 is also 
to be selected. This is done by decoders 63, Which are the 
column decoders. If all sWitch transistors of the decoder 63 
are closed, the voltage at a node 67 of the memory cell is 
applied to the drain of transistor 4. 

After closing the sWitches of the decoder 63, a current 
I_cell starts ?oWing from the node 67 over the drain and 
source of the transistor 6 to ground node GND. The current 
I_cell depends on the conductivity of the channel from the 
drain to the source electrode of the transistor 4. The con 
ductivity depends on the charge that is situated on the nitride 
layer of the memory cell 4, Which is an NROM cell in this 
embodiment of the invention. In other Words, the current 
depends on the state of the memory cell 4, if the voltage at 
node 67 is constant. For this purpose a control ampli?er 62 
is provided, Which receives at an input the voltage at node 
67. The control ampli?er 62 controls a further transistor 73 
that is connected betWeen node 67 and node 68. Node 68 is 
also connected to an input of a comparator 65 and a current 
source 71, Which is adjusted to a reference current I_REF. 
By the control ampli?er 62 it is assured that the voltage at 
node 67 is kept constant, independent of the cell current 
I cell. 
The comparator 65 has another input to Which a reference 

voltage V_REF is applied. Voltage V_REF is used as a 
comparative voltage for the voltages at node 68. It is siZed 
properly according to the dynamic of nodes 68 and 70. The 
voltage at node 68 depends on the current I_cell and the 
reference current I_REF. If the current I_cell is higher than 
the current I_REF, the comparator 65 outputs a HIGH 
signal, otherWise it outputs a LOW-signal. 
When the memory cell 4*W111C11 is shoWn as an example 

for a plurality of memory cellsiis read by applying an 
appropriate gate voltage to the memory cell 4, the cell 
current I_cell rises due to an increased conductivity of the 
memory cell 4. This happens under the precondition that the 
drain-source voltage, Which is the voltage at node 67, is kept 
constant. This is done by sensing the voltage at node 67 and 
controlling the gate voltage of transistor 73 in order to 
increase its conductivity. Since the current source 71 
remains unchanged, the voltage at node 68 decreases. If the 
gate voltage applied to the memory cell is high enough, the 
cell current I_cell becomes greater than a threshold, the 
voltage at node 68 falls under the voltage V_REF and the 
comparator 65 ?ips. 
The same procedures happen for a reference cell that is 

not shoWn in FIG. 6. Assuming that the gate voltages of the 








